Case Alex, with Sturge-Weber Syndrome affecting the left comparable IQ (range, 40-68) 
Introduction
Failure by a child to acquire speech is extremely rare. When severe mental retardation, or, at the other, from an ischaemic or traumatic injury limited to the perisylvian areas and the failure appears in the absence of deafness or extreme sensory deprivation, it is likely to be due to bilateral thereby arresting the development of speech selectively (Landau et al., 1960; Vargha-Khadem et al., 1985) . However, neuropathology encroaching on one or more of the thalamocortical systems subserving speech and language.
speech may fail to develop in the absence of all of the foregoing factors. For example, children with the LandauThis bilateral encroachment may result, at one extreme, from the type of widespread cerebral abnormality that causes Kleffner syndrome are aphasic (Landau and Kleffner, 1957) , and it has been hypothesized that this is due to bilateral Shortly after birth, a port-wine stain was noted over the left side of his face in the distribution of the first division of interference with the functioning of the cortical speech and language areas by the centrencephalic seizures associated the trigeminal nerve. Located principally on his forehead, the stain extended back over his skull for some distance, and with this disorder (Paetau et al., 1991) . In the present report, we document another case of arrested speech also forward to his left upper eyelid and down over the left side of his nose. development that was presumably caused by bilateral functional interference with the cortical speech and language At age 6 days, Alex had an episode of jerking of the right limbs lasting~3 min. This was soon followed by a second areas, but with a different aetiology. The case is of a boy, Alex, now aged 15 years, with the Sturge-Weber Syndrome attack of 1-2-min duration and then, 2 days later, by a third attack. Treatment with phenobarbitone was effective, affecting the left hemisphere, who remained without speech and arrested at a mental age of~3-4 years throughout his however, and when he was later discharged home he was breast-feeding well and was clearly alert and vigorous. early childhood. More remarkably, at the age of nearly 9.5 years, 10 months after left hemidecortication and the Because he had shown two of the classical signs of SturgeWeber Syndrome, i.e. port-wine naevus and contralateral subsequent withdrawal of anticonvulsant medication, Alex suddenly began to develop speech. The emergence of seizures (Aicardi, 1992) , he was admitted at 4 weeks of age to Great Ormond Street Hospital for Children, London, for expressive language was soon followed by improvement in his receptive language and other verbal intellectual skills to further investigation. Physical examination, including a full neurological evaluation, was normal. A CT scan showed a a current level of overall language ability equivalent to that of an 8-10-year-old. A brief report of this case has already normal ventricular system, but there was some widening of the left sylvian fissure and focal widening of the sulci in the appeared (Vargha-Khadem and Isaacs, 1992) .
Early childhood is a particularly critical period for left posterior parietal region, indicative of left hemiatrophy. Following a change in medication from phenobarbitone to developing speech and verbal comprehension, and, by implication, for functional development of the underlying sodium valproate at the age of 6 weeks, Alex had another attack, twitching on the right side and losing consciousness. neural systems, such that if language competence is not acquired or reacquired during the first few years of life, He then suffered from 10 to 20 seizures daily for 10 days despite a return to the original anticonvulsant and the addition speech and language are likely to be grossly deficient thereafter. This conclusion is based on several sources of of others. The seizures consisted predominantly of weakness of the right limbs with jerking of the right leg and right arm, evidence, including (i) the dramatic cases of individuals deprived of language experience during early childhood (e.g. and twitching of the right side of the face. From the time of that episode until his surgery more than 8 years later, despite Curtiss, 1977) ; (ii) congenitally deaf children exposed to sign language only later in life (Newport, 1984; Johnson and the administration of high doses and various combinations of anticonvulsants, he suffered from similar bouts of seizures ; (iii) older children and adults learning a second language (Oyama, 1976; 1978; Johnson and Newport, several times a year, each bout lasting for 2-3 days before dissipating. 1989) and (iv) cases with left hemisphere damage sustained after early childhood (Rasmussen and Milner, 1977; By the age of 6 months Alex was moving his right limbs less than his left, and right-sided hyperreflexia was evident. et al., 1989) . In all such instances, even though some language ability is acquired or reacquired, the final product tends to By 7 months he was showing clear signs of right hemiparesis and right hemianopia. As a baby, Alex did not babble or fall far short of normal, and is usually characterized by markedly defective phonology and grammar. However, the gurgle very much and was reported to be a silent infant. At the age of 21 months, he was evaluated by his paediatrician exact age that defines the end of the critical period for learning a language, and using it effectively, is still unknown. who noted that he showed age appropriate social interaction and play despite the absence of vocalization or attempts at To our knowledge, no previously reported child has acquired a first spoken language that is clearly articulated, well single words. Alex began to walk only at 30 months, and he was not toilet-trained until 36 months. When evaluated at structured and appropriate after the age of~6 years (case of Isabelle; Skuse, 1988) . The case reported here extends that the age of 33 months by an educational psychologist, his intellectual development was noted to be globally delayed, upper limit substantially. Alex's achievement suggests that, surprisingly, the complex neural system underpinning speech and, in particular, despite normal hearing, he had developed no speech, his utterances at this time being limited to and language may remain viable despite disuse throughout the first 9 years of life, with this linguistic system having babbling. When Alex was between the ages of~4 and 8 years, been limited, moreover, to an isolated right hemisphere.
several attempts were made to obtain formal indices of his intellectual ability and language comprehension, but, although he was sociable and even affectionate with adults, the severity
Medical history
Alex was born in November 1980 following a normal of his behaviour disorder precluded reliable measurement. Having remained essentially speechless (see below), he pregnancy. He was delivered by forceps due to delay in the second stage of labour, but he required no resuscitation.
tended to rely on pointing, gestures and Makaton symbols (a abnormal blood vessels (Figs. 3 and 4) . The hemisphere itself was firmer than normal due to the diffuse calcification that system of verbally labelled pictographs), although his use of had been detected on the CT scan. signing and his motivation to communicate were limited.
The surgical removal was performed by a modified Moreover, his concentration was poor, and it was difficult to technique (Adams, 1983) designed to prevent the delayed gain his attention for more than a few minutes at a time. At complications that are otherwise often associated with the age of 6 years, Alex was placed in a school for children hemispherectomy. Specifically, after the removal, which was with severe learning difficulties, where he remained until the carried out without any particular difficulties, the foramen of age of 13 years, when he was transferred to a school for Monro was plugged with muscle to prevent blood within the children with moderate learning disabilities.
subdural cavity from irrigating the ventricular system, and In June 1988, when Alex was aged 7:7 (years:months), the dural flap was sutured to both the tentorium and the dura additional brain imaging was carried out. MRI and CT scans lining the anterior and middle cranial fossae to minimize the revealed an atrophic and diffusely calcified left hemisphere, volume and the surface area of the subdural cavity. Alex made a very satisfactory postoperative recovery and together with an enlarged right hemisphere (Fig. 1) ; and a was able to be discharged home 13 days after surgery. Since PET scan showed diffuse hypometabolism on the left side there was no recurrence of seizures, anticonvulsant treatment but seemingly normal metabolism on the right (Fig. 2 ).
was gradually reduced and then finally discontinued 9 months Electroencephalography performed at this time disclosed no postoperatively, when he was aged 9:3. Alex remains well seizure activity but did reveal that the amplitude and and seizure free to the present time (aged 14:11). frequency of background activity over the left hemisphere were abnormally low. Based on these findings, surgical removal of the left hemisphere for relief from both the
Results

chronic seizures and the anticonvulsant medication was
Informed parental consent was given for Alex's investigation, strongly recommended.
which had the approval of the local ethics committee. One year later, when Alex was aged 8:6, a left hemispherectomy was carried out. At operation the bone was
Neuropsychological evaluation
found to be filled with large venous channels, and the dura Language and cognition before and 6 months was much thicker than normal due to infiltration by numerous small arterioles. Upon opening the dura a grossly abnormal after surgery hemisphere was revealed, dusky blue in appearance, the pia
The first successful evaluation of Alex's cognitive abilities was carried out when he was aged 8:2, 4 months before his and arachnoid having also been infiltrated throughout by hemispherectomy, and a second was performed when he was comprehension of single words and simple commands exceeded his expressive ability. Indeed, assessment of his 9:0, 6 months after surgery, but before complete withdrawal of the anticonvulsants. On both occasions, he was given expressive language before surgery was precluded, since he was unable to score at all on formal tests of this function. the Griffiths (1970) Mental Development Scales, which measure overall development in six areas of function. As
His expressive vocabulary consisted of one correctly articulated word ('mumma'), several sounds which he used indicated in Table 1 , Alex's scores in these areas seldom rose much above a mental age of 3 years. His only substantial consistently to refer to objects (e.g. 'oof' for 'shoe'), and word approximations (e.g. 'oo', 'ee', 'or', 'i', for the numbers gain during the 10 months that separated the two testing sessions was in Practical Reasoning, on which he showed an two to five). At this stage, Alex was able to repeat one digit.
Receptive vocabulary was measured with the British Picture increase in mental age of 9 months, consonant with the increase in his chronological age (Table 1) . At this age level, Vocabulary Scales (BPVS) (Dunn et al., 1982) , on which Alex performed significantly better than his nearly nonexistent the items comprising the Practical Reasoning subtest involve simple concepts such as choosing the larger of two objects expressive vocabulary would suggest, obtaining a score equivalent to that of a child aged 4:1. or knowing the meaning of 'money'.
It was noted during the two evaluations that Alex's Six months postoperatively his expressive language showed no gains, again precluding testing, while his receptive enunciated and intelligible sentences. He still had some problems with certain sounds in words (saying, for example, vocabulary on the BPVS actually declined slightly to the 'crock' for clock, 'van' for ran, and 'vash' for wash), resulting level of a child aged 3:9.
in his speech resembling that of a 'well spoken foreigner'. When examined at age 11:5 by a speech therapist, his articulation was again described as mostly intelligible but
Onset of speech and subsequent language still containing some of the phonetic errors noted earlier.
development Also, his respiration was uneven, affecting his prosody and One month after total withdrawal of anticonvulsant stress. Now, 3.5 years later, following intensive speech medication, when Alex was aged 9:4, his parents reported therapy, his speech sounds are essentially normal and that he suddenly started uttering syllables and single words therefore highly intelligible. (see Appendix 1) . Within several months of this dramatic breakthrough, he had progressed to producing full sentences.
Naming. Tested for the first time at age 10:7 on the Word With the onset of speech, his behaviour became far more Finding Vocabulary Scale (Renfrew, 1977) , which measures manageable, and he began to take an active interest in vocabulary knowledge and naming, Alex obtained an age the world around him, asking questions and demanding equivalent of 6:3, and then at age 11:8 he reached an age explanations. By the age of 10:0, he could converse with equivalent of 7:10 to 8:1. His lexical retrieval was also copious and appropriate speech, involving some fairly long evaluated at this time with the Oldfield and Wingfield words. At a neurological examination carried out at this time, (1965) Object Naming Test, which requires the rapid naming his newly acquired speech allowed his personality to shine of 36 line drawings of objects. Alex obtained a score of 22 through, and he was described as being pleasant and outgoing, out of 36, and his mean reaction time for accurate naming with an independent attitude. was 2.9 s. His accuracy was comparable with that of children Between the ages of 9:4 and 14:11, Alex's linguistic and at the same verbal mental age as Alex at the time of testing intellectual abilities were examined in detail, allowing for (i.e. 6:2; see below). With the exception of one drawing quantitative assessment of the development of his emerging (anchor) that he failed to identify and two others (piano and speech and language and other cognitive skills. Within each stethoscope) that he misnamed ('pinanyo' and 'se...scope'), domain reported below, those aspects in which Alex has Alex's errors were either semantic (e.g. he called a bagpipe shown the strongest gains are described first, followed by 'violin', and a book 'comic') or perceptual (e.g. he named a those in which he continues to be deficient.
horseshoe 'toilet seat', and a microscope 'robot'). et al., 1971) , a measure of speech sound development, Alex's Majzub, unpublished)], and above his verbal mental age at speech sounds at age 9:4 consisted mainly of consonantthis time (i.e. 7:5; see below). Error analysis indicated that vowel pairs; and some of these were mispronounced, such Alex failed to identify two drawings (metronome and anvil), as 'da' for ga, and 'ra' for la. They were thus too restricted with the remainder of his mistakes being once again either in range to yield a score, but he was estimated to have an perceptual ( e.g. 'coffee maker' for microscope, 'telescope' age equivalent of 20 months. By age 10:7, however, Alex for syringe), semantic (e.g. 'nail' for screw) or part names had reached ceiling on this test, attaining an age equivalent (e.g. 'pipes' for bagpipe, 'horoscope' for stethoscope). of Ͼ6:0. At about this time, Alex was seen by his educational psychologist, who noted that he was speaking in well Information and grammar. The development of these Morphology. Not all of Alex's syntactical abilities showed the same degree of improvement. For example, at age 11:5 he was given a test to assess his ability to produce morphological markers . In this test, adapted from Berko (1958) , an incomplete sentence is read to the child, accompanied by a drawing illustrating the subject of the sentence. The child's task is to produce the appropriate morphological marker that completes the sentence. The test is designed to tap knowledge of English morphology through the use of nonsense drawings and nonsense words (e.g. chot, chotter; ponner, ponnest; etc.), but it also includes a control condition with real words (e.g. jog, jogger; bigger, biggest; etc.) to assess production capability. The norms for children of the same mental age as Alex (i.e. 6:2) at the time he was tested are 16.2Ϯ1.9 out of 20 for words and 11.7Ϯ3.9 out of 20 for nonwords (E. Isaacs, S. Taylor and F. Vargha-Khadem, unpublished) . In contrast, Alex scored only 11 out of 20 on words (but see below, section on Overall expressive language ability) and dropped even further to two out of 20 on nonwords.
Phonological imitation. Alex was also evaluated on a test of the ability to repeat nonwords immediately after their presentation (Gathercole and Baddeley, 1989) , providing a measure of phonological imitation based on working memory, aspects of Alex's expressive ability was evaluated with the Renfrew (1971) Action Pictures Test, which assesses both which is commonly impaired in children with disordered language development (Taylor et al., 1989 ; Gathercole and Grammar, reflecting the complexity of syntax, and Information, reflecting the richness of content and vocabulary. Baddeley, 1990) . The test consists of 40 nonwords, 10 each of one to four syllables in length (e.g. 'prindle', 'trumpetine'). As already indicated, Alex could not be examined with this test in the period before, or shortly after, surgery. Even when When tested at age 11:0, Alex made 16 errors, 15 of which were on the items of more than one syllable. This score is medication was first discontinued, he was below the 2-yearold level on both measures. Between the ages of 9:4 and close to the mean performance of 5-year-olds (28.7Ϯ4.8; Gathercole and Baddeley, 1989) . The test was readministered 10:0, however, he showed a dramatic increase on both, and he then continued to improve until the age of 14:2 when he twice with the one-syllable items eliminated when Alex was 12:7 and 14:2, but his performance was virtually unchanged reached ceiling performance, i.e. an age equivalent of 8:5 (Fig. 5) . The level he has attained is exemplified by his (15 and 14 errors, respectively). An analysis of 'sound clusters' carried out on Alex's taped response at age 14:2 to Renfrew Card Number 6 (which shows a girl lying beside broken eyeglasses at the bottom of repetition of nonwords at age 12:7 revealed nine out of 28 cluster errors, six of which were on the phonemes b, p, and a set of stairs): 'she's fallen down the stairs and broke her glasses'. t when each was followed by a liquid (e.g. bl, pl, br, pr). An analysis carried out when he was 14:2 yielded essentially the same results. A novel pattern observed on this latest occasion Length of utterance. Another aspect of Alex's dramatic speech development is reflected in the length of his sentences. was regularization of nonwords into real words (e.g. 'presto' in lieu of 'blistow'; 'plasterer' in lieu of 'brasterer'). On the Bus Story Test (Renfrew, 1969) , where a short story accompanied by appropriate pictures is read to the child for For comparison, we also administered a real-word repetition test (Gathercole et al., 1991) , consisting of 40 immediate recall, Alex, then aged 10:11, produced a mean sentence length (11.6 words) matching that of a 6-to 7-yearwords, 10 each of 2-4 syllables in length (e.g. 'thimble', 'problematic'). At age 12:7, Alex made only five errors, all old (see Appendix 2A). Alex's improvement in producing complex sentences was documented in situations other than on three-and four-syllable words, and then, at age 14:2, only one error, on a four-syllable item ('computated' in lieu of formal testing. Spontaneous utterances, such as 'I wash my face in the sink', 'I got one 'crock' (clock) upstairs in my 'complicated'). Moreover, he rarely hesitated and made few articulation errors. It is clear that lexical knowledge facilitates room', 'I did saw one fish in Headon Park-very big one indeed-this size it was' (gesturing with hands apart), 'that his repetition performance substantially. wind-up toy will slide because it is on a slippery surface', demonstrate the complexity which his speech had attained Phonological awareness. To explore further his phonological awareness, which is a strong predictor of literacy between the ages of 10:5 and 10:11. Receptive score (standard score) 59 67
Total language score (standard score) 67 70
Fig. 6
The development of Alex's receptive vocabulary as measured by the British Picture Vocabulary Scale (BPVS) and the acquisition in both normal (Bryant and Goswami, 1987 ) and
Test for the Reception of Grammar (TROG). The TROG score at hemiplegic children (Muter, 1994) , we administered the age 9 years is extrapolated from the age equivalents given by Phonological Awareness Protocol devised by Muter (1994) . Bishop (1982) .
This protocol comprises tests of rhyme detection, rhyme production, syllable and phoneme identification and segmentation, phoneme deletion, sound blending and speech on Morphology). His other subtest scores, reflecting the ability to formulate and reproduce complex sentencs, fell rate. Results indicated that Alex's phonological awareness skills at age 14:11 were at the level of a 5-to 6-year-old~2 SDs below the mean. (see Academic attainments), his deficits being much more pronounced on the phoneme than on the syllable subtests.
Receptive ability
Overall expressive language ability. Finally, to obtain a standardized measure of overall expressive language ability, Vocabulary. As indicated earlier, Alex's receptive vocabulary on the BPVS had reached only the 4-year-old we administered the test of Clinical Evaluation of Language Fundamentals-Revised (CELF-R; Semel et al., 1987) first level in the period before, and shortly after, surgery. After speech onset, his verbal comprehension, like his expressive when Alex was 14:2 years and then 9 months later (14:11 years). The CELF-R, designed to evaluate syntax, semantics ability, also began to show gains, but these gains were more gradual relative to those in speech output (cf. Figs and memory, provides expressive, receptive, and total language scores (with a normal mean Ϯ SD of 100Ϯ15) and 5 and 6). The level he has now achieved, an age equivalent of 8:1 at the chronological age of 14:11, requires an age equivalent (range 5-15 years). The expressive language score is derived from the subtests of Word Structure (assessing comprehension of difficult items spanning a variety of lexical types, including concrete nouns (e.g. 'fern' and knowledge of word structure rules in sentences), Formulated Sentences (evaluating formulation of simple, compound and 'tusk'), abstract nouns (e.g. 'isolation'), actions (e.g. 'plastering') and adjectives (e.g. 'tubular'). complex sentences) and Recalling Sentences (measuring recall and reproduction of surface structure in sentences as a function of syntactic complexity). The subtests designed Semantic/pragmatic comprehension. To assess Alex's sensitivity to, and understanding of, the semantic/pragmatic for children aged 5-7 years were administered to Alex, as some of the subtests for older children either involve reading aspects of language, we adapted a test of reference pronouns designed by F. Happe (personal communication). The test or place too great a demand on short-term memory. As indicated in Table 2 , Alex's overall Expressive Language consists of 24 items, each containing two short sentences. The first sentence of each pair describes a situation using the score was in the low normal range, but on one subtest (Word Structure) he scored in the high average range, indicating a names or titles of two persons, accompanied by a picture illustrating the situation; the second sentence provides further substantial improvement in performance on English morphology over that recorded when he was 11:5 (see above, section information about the situation but uses pronouns instead of names or titles (e.g. 'The doctor cured the patient. He was the test's ceiling, an age equivalent of Ͼ7:0, when he was 10:7. Alex's receptive verbal skills were also assessed at very grateful'). After presentation of each item, a question is asked which requires identification of the pronoun age 11:0 with the Token Test of Auditory Language Comprehension (DeRenzi and Vignolo, 1962) , which consists referent(s), e.g. 'Who was very grateful?'. The 24 items, consisting of three sets of eight items each, are presented in of commands of increasing complexity requiring the subject to touch or move tokens that vary in shape, colour, and size. random order. In set A, the pronoun referent is determined by the syntax and semantic content of the sentences (e.g.
His performance on this test was uneven. On parts I-IV, the commands are expressed in a syntactically simple form, 'Georgina went into the butcher's shop. He said hello to her. Who said hello to whom?'). In sets B and C, the pronoun initially with a single object (e.g. 'touch the red circle'), but later with a compound one (e.g. 'touch the small yellow referent is not fixed by the syntax but is determined pragmatically (e.g. 'The doctor cured the patient. He was circle and the large green square'). Alex's score (37 out of 40) on these four parts was age appropriate (Noll and Lass, very clever. Who was very clever?'). In set B, the pronoun referent in the second sentence is the first of the two nouns 1979). Part V of the test introduces more complex syntactical structures, such as prepositions (e.g. 'beside', 'between'), presented in the initial sentence; in set C, it is the second of the two. At age 14:2 years, Alex correctly answered 15 adverbs (e.g. 'quickly', 'slowly') and clausal phrases ('before touching the yellow circle, pick up the red square'). Alex's questions (set A, 6; B, 5; C,4). This score is Ͻ1.5 SD below the mean for normal children ranging in age from 10:2 to score (nine out of 22) on this part fell Ͼ3 SDs below the mean for 8-year-olds. 10:11 (n ϭ 19; E. Isaacs, S. Taylor and F. Vargha-Khadem, unpublished) .
Overall receptive language ability. To obtain a Prosody. To determine Alex's sensitivity to prosodic standardized measure of Alex's receptive language abilities variations in spoken sentences, we designed a test of receptive across different domains, we gave him the CELF-R (Semel prosody (E. Isaacs, S. Taylor and F. Vargha-Khadem, et al., 1987) at ages 14:2 and 14:11. Like the expressive unpublished). In this test, the child listens through headphones language score, the receptive language score is based on three to a tape containing four different sentences, each uttered subtests: (i) linguistic concepts (assessing comprehension of four times. The sentences are affectively: neutral-'He was concepts related to inclusion, exclusion, coordination, time, a tall man with brown hair'; happy-'I'm really looking condition and quantity); (ii) sentence structure (like the forward to my summer holidays'; sad-'I miss my best TROG, evaluating comprehension of grammatical rules at friend Tim; he's gone away'; angry-'My brother is always the sentence level); (iii) oral directions (measuring taking my toys without asking'. Each of these sentences is comprehension, recall and execution of oral commands of spoken in one of the four tones of voice (neutral, happy, sad increasing length and complexity). Alex initially obtained a or angry), yielding four sentences in which tone and content standard receptive language score of 59 and then, 9 months are congruent and 12 in which they are incongruent. After later, his score increased to 67, due to a gain on the Sentence listening to each utterance, the child indicates the tone of Structure subtest (Table 2) . On the other two subtests, his voice by pointing to one of four line drawings of faces performance remained unchanged at 2 SDs below the mean; depicting the expressions corresponding to neutral, happy, it should be noted that these two measures closely resemble sad, and angry. Administered this test when he was 14:2, Alex Part V of the Token Test, on which Alex's performance was correctly matched 10 tones of voice with their corresponding similarly restricted. facial expressions. This score is Ͻ1 SD below the mean of By summing over the standard scores obtained on the the oldest normal children we tested (ages 10:2 to 10:11; n ϭ Expressive and Receptive subtests, a standard total language 19; E. Isaacs, S. Taylor and F. Vargha-Khadem, unpublished) .
score and an age equivalent can be calculated. As indicated in Table 2 , Alex's age equivalent on this test rose from 8:1
Grammar. Alex was given Bishop's (1982) Test for (when he was aged 14:2) to 8:5 (when he was aged 14:11).
Reception of Grammar (TROG), a test of sentence-picture It may be noted that on both occasions his expressive matching, on several different occasions. Tested for the first language abilities were superior to his receptive ones, with the time at age 9:0, his score (three out of 20 blocks) placed magnitude of the difference being halved on second testing. him at an age equivalent of 3:6 (Fig. 6) . Retested 2 and 3 years later, his age equivalent rose steadily to 8:0 (15 out of 20 blocks), and it remained at the same level when he was
Cognitive development subsequent to speech 14:2; but then in the space of 9 months (14:11) it improved onset to 10:0 years (17 out of 20 blocks).
Comprehension of complex sentences. The Reynell Intelligence. By age 11:0, Alex's verbal skills had developed sufficiently to allow the administration of the Language Scales (1977) , which make use of miniature toys and objects to assess verbal comprehension, yielded an age
Wechsler Intelligence Scale for Children-Revised (WISC-R; Wechsler, 1976) , and this test was administered once equivalent of 3:11 when Alex was 9:4, but he then reached The corrected scores on the WISC-R (see text) were below the floor for this test.
more when he was 11:9. At the ages of 14:2 and 14:11, Alex was retested for intelligence on Wechsler's newly standardized WISC-III (Wechsler, 1992) . To allow comparisons between the IQ scores derived from the old and new standardizations, a correction (i.e. downscaling by a factor of 0.3 of an IQ point for each year since standardization) was applied to the WISC-R scores (Flynn, 1984 (Flynn, , 1987 Fuggle et al., 1992) . Table 3 shows the verbal IQ, performance IQ, and full scale IQ that Alex obtained on each of the four occasions. The WISC-III also enables the calculation of standardized index scores for Verbal Comprehension, Perceptual Organization, Freedom from Distractibility and Processing Speed. The index scores obtained by Alex on each of the two testing occasions are also shown in Table 3 . (Raw and scaled scores, as well as mental age equivalents for each of the subtests administered on the different occasions are presented in Appendix 3.) As Table 3 and Appendix 3 indicate, Alex has shown a consistent increase over the past 4 years in all three IQ measures, particularly on selected Griffiths Mental Development Scales (Griffiths, 1970) , his fifth assessment with this test, was carried out 6.5 years after lagged behind his language abilities by~18 months (see surgery when he was aged 14:11 (Table 1) . In contrast to the Table 4 ). very modest gain he had shown 6 months postoperatively, To determine whether Alex's profile of having better his later improvements are impressive. If predictions were language ability than overall intellectual function is based on the overall increase in his mental age (i.e. 3 months) characteristic of left hemispherectomized patients of that had occurred during the 10-month interval separating comparable intelligence, but without mutism prior to their the first two assessments, an increase of 13.5 months would hemispherectomies, we tested four such patients on the have been expected during the 45-month interval separating WISC-III and the CELF-R. The only basis of selection was the second and third evaluations. In fact, Alex's overall their ready availability for assessment with the relatively mental age across this interval increased by 33 months.
new CELF-R test, these four cases being ones that were Figure 7 illustrates the parallel between the gains in Alex's concurrently undergoing neuropsychological evaluation at mental age, as measured by the Griffiths Scales, and his gains the Great Ormond Street Hospital for Children. Like the in receptive and expressive language ability, as measured by pathology in Alex, the pathology in three of these patients the BPVS and the Action Pictures Test, respectively. Yet, was congenital in origin. Case 1 had congenital hemiplegia, with onset of epilepsy at the age of 2 years following a very Alex's mental age since the age of 11:0 has consistently Alex's, his latest memory quotient surpassing that of all the others.
Mental age equivalents for the above IQ scores are based on (Rasmussen, 1978 (Rasmussen, , 1983 at age 3:6. All four patients were tested ജ2 years after their level of learning of 84, which is at the lower limit of the average range. His average standard score for 20-min delayed hemispherectomy and had been weaned of their anticonvulsants for ജ1 year. Table 5 shows the verbal IQ, recall of this list is 93, which is also in the average range. Not all of his Wechsler Memory subtest scores were at performance IQ and full scale IQ scores, along with standard scores on expressive, receptive, and total language indices this level, however. Consistent with his relatively poor visual performance skills, his scores on immediate and delayed of the CELF-R for Alex and Cases 1-4. The mental age equivalents are also shown for the tests of intelligence and Visual Reproduction were substantially lower than average (i.e. Ͼ2 SDs below those of 6-7-year-olds). total language. The comparison indicates that the language-IQ discrepancy was greater in Alex than in the others, his Similarly, his scores on both digit span (forward 4; backward 2) and block span (forward 4; backward 3) are up achievement in language being the highest of all.
to 2 SDs below the norm for children of the same mental age as his (Isaacs and Vargha-Khadem, 1989) . As shown in
Learning and memory. On the same four occasions that the WISC IQ tests were administered to Alex, the Wechsler Table 6 , a short memory span appears to be characteristic of children with left hemispherectomy. Memory Scale, Forms I and II (Wechsler and Stone, 1945) was also given (using age corrections and children's stories designed by L. Taylor as described in Kimura and McGlone, Visual perception and reproduction. Visual perception *By the end of this 150-min session, Alex had clearly become fatigued, and this is reflected in his uncharacteristically low score on 90-min delayed recall of the stories.
independent of motor output was investigated using the Finally, Alex was asked to draw four items (a box, bicycle, lion and elephant) from long-term memory. Figure 8 shows Motor Free Visual Perception Test (Colarusso and Hammill, 1972) . This test evaluates five aspects of visual perception:
his extremely impoverished representations of these items, confirming that, consistent with his low performance IQ and spatial relationships, visual discrimination, figure-ground, visual closure and visual memory. When administered this restricted immediate and delayed memory for geometric designs (see Learning and memory), his motor abilities lagged test at the age of 14:2, Alex obtained an age equivalent of 7:5.
Visual reproduction was assessed through Alex's copying behind his language abilities by~3 years. of 24 geometric forms (Developmental Test of Visual-Motor Integration, Beery, 1989) at ages 14:2 and 14:11. On both
Academic attainments. After transferring in October 1993
to a school for children with moderate learning difficulties and occasions, Alex obtained a standard score of Ͻ55 (less than the first percentile score), equivalent to age 5:6.
having spent one academic term receiving formal tuition in reading and writing, Alex was evaluated at age 14:2 in these degree of recovery of movement with the affected limb, which we describe next. Alex had an established right two literacy skills. He did demonstrate a sound knowledge hemiplegia before surgery, the arm being more severely of letter names, recognizing all 26 letters of the alphabet. In affected than the leg. The hemiplegia was associated with prereading children, this ability is an important predictor of right hemiatrophy, increased tone and hyperreflexia. Despite literacy acquisition (Muter, 1994 ). Yet, Alex still does not this, he was able to hold a cup and catch a ball with both possess any phonetic decoding or spelling skills. Thus, hands, climb the ladder of a playground slide, kick a ball on the Wechsler Objective Reading Dimensions (WORD; with either leg, and even run. Wechsler, 1993) , a test of reading accuracy for single words Immediately following the hemispherectomy, Alex's that is independent of memory and reading comprehension, hemiplegia worsened, but over the next few months he obtained a standard score of only 46 (less than the first motor function on his right side gradually returned to its percentile score; age equivalent Ͻ6:0 years); and at age preoperative level. On neurological assessment at age 11:0, 14:11, having completed four academic terms with instruction he had a 3 cm shortening of the right arm and a 2 cm in this area, he showed no improvement (standard score of shortening of the right leg. He was hypertonic and 42). His extremely limited sight reading vocabulary precluded hyperreflexic on the right side, with an extensor plantar his scoring any points on the reading comprehension subtest response and a typical hemiplegic gait, with his right leg of WORD. Further, on the Nonword Reading Test (Snowling coming down in walking. In running, his right arm was et al., 1996), he failed to score at all (zero out of 20; age slightly flexed, but he could run fairly fast, but awkwardly. equivalent Ͻ6 years). On the spelling subtest of WORD, He was unable to make independent finger movements with Alex correctly wrote to dictation only six letters of the his right hand, but he could use this hand as a prop or to alphabet, and the words 'no', 'pig' and 'to' (standard score, grasp objects between thumb and fingers. For example, he 51; less than the first percentile score; age equivalent 6:0).
could hold a vest while taking it off or putting it on, though Finally, although Alex is able to read and write the numbers he could not manage buttons or socks or hold a utensil to 1-8, he was unable to perform any of the arithmetic operations cut food. No associated or mirror movements were noted on the Basic Number Skills subtest of the British Ability when he moved his limbs on either side. Scales (Elliott et al., 1983) .
Quantitative measures of hand strength and dexterity were obtained when Alex was aged 11:3. Grip strength was
Motor function before and after surgery assessed with a Kiddie Dynamometer (Lafayette Instrument
Motor ability with the paretic hand Company, 1989) for three trials with each hand. His mean Although Alex's recovery is particularly impressive in the left-hand score (19.6Ϯ0.5 kg) was well within normal limits for children of his age (Finlayson and Reitan, 1976) ; his mean area of speech and language, he also shows an unusual the transfer of 10 dowels as rapidly as possible from the back to the front of a pegboard. The time to complete this task was averaged across five trials with each hand. As with tapping, his mean sorting time with the left hand (20.1Ϯ2.0 s) was somewhat longer than would be expected for an 11-year-old boy (10.8Ϯ11.2 s; Annett, 1986); and his mean sorting time with the right (116.8Ϯ38.3 s), although markedly impaired, once again indicated some residual motor dexterity.
Alex's residual motor function on the right side was assessed by transcranial magnetic brain stimulation. This was carried out with a Magstim 200 stimulator (Magstim Co, Dyfed, UK) equipped with a focal double-cone coil (150 mm). The coil design allows painless transcranial stimulation of selected areas of the motor cortex for assessment of functional corticospinal projections. In the present study, the stimulation was used to evoke responses of the first dorsal interosseus (1DI) muscles of the hand, as well as of the forearm extensor, biceps and deltoid muscles, each in turn.
Multiunit EMG responses were recorded with surface electrodes (and neurolog modules) from the corresponding muscles of the left and right upper limbs during weak background, volitional, contraction. In control subjects (n ϭ 10), focal magnetic stimulation of the hand area of the dominant motor cortex evoked responses in the contralateral 1DI muscles only; that is, responses were not seen in the ipsilateral 1DI muscles (Fig. 9A) . In Alex, however, stimulation of the right motor cortex evoked EMG responses from both contralateral and ipsilateral 1DI muscles (Fig. 9B) . Compared with the contralateral responses, those evoked ipsilaterally were smaller in amplitude, had a longer mean latency (30.0Ϯ1.6 ms versus 21.5Ϯ2.9 ms; n ϭ 11), and, further explored by means of cross-correlation analysis. From the multiunit EMG recorded as above, cross-correlograms right-hand score (2.7Ϯ0.5 kg), although severely deficient, indicated some residual function.
were constructed between homologous left and right muscle pairs by logging the times of occurrence of motor unit spikes Fine motor control of the index finger was measured with a manual tapper attached to an electronic counter. The number from each muscle [minimum of 3000 spikes; see Carr et al. (1993) for details of the method]. When two spinal of taps in a 20-s period was averaged across two trials with each hand. The mean tapping speed with his left index finger motoneuron pools are innervated by a branched final input arising from a common source, the discharges are likely to (234 taps/min) was~1 SD below the mean for 11-year-olds (F. Vargha-Khadem and N. Vargha-Majzub, unpublished be closely synchronized, this being reflected as a shortduration central peak in the cross-correlogram (Sears and normative data); his mean tapping speed on the right, where he had to use his whole hand rather than the index finger Stagg, 1976) . In the case of Alex, the cross-correlograms failed to show central peaks for any of the paired muscles, alone, was far slower (96 taps/min), but again it clearly exhibited some preserved ability.
suggesting that the spinal motoneurons supplying the members of each pair were innervated from separate Finally, finger, hand and arm control were evaluated with the Annett Pegboard Task (Annett, 1986) which requires cortical sources.
language functions showed remarkable gains. Indeed, his
Praxic functions
gains in the latter sphere are truly extraordinary, given that At age 12:7, Alex was administered tests of limb and oral he had been essentially without speech until the age of nearly praxis. The former test (R. Passingham and F. Vargha-9:5. Alex's development in speech and language ability, as Khadem, unpublished) assesses the execution of meaningful well as the parallel improvement that took place in his upper limb movements (e.g. 'Drink from a glass'), other cognitive functions, will be considered below, after a meaningless movements (e.g. 'Put your hand on your head') discussion of his unchanged motor status. and the use of objects (e.g. 'Show me what you do with this', the examiner pointing, say, to a pair of scissors). The test contains 15 items, five of each type. Two independent judges rated Alex's execution of the movements with his
Motor ability with the paretic arm unaffected (left) arm and hand, scoring each item on a fourDespite his right-sided hemiplegia, more pronounced in the point scale ranging from 0 (no response) to 3 (correct). Both arm than in the leg, Alex showed some residual finger judges rated Alex's performance as 43 out of 45, indicating movements in his right hand before surgery, so that he could that he has little or no difficulty with limb praxis.
grasp a metal bar to exert power (using a dynamometer), and The test of oromotor praxis (Vargha-Khadem et al., 1995) even grasp small objects (such as pegs) between the thumb consists of seven sections (animal/machine noises, five items;
and fingers (see Motor ability with the paretic hand). Since meangingless noises, e.g. 'click your tongue', five items; no permanent change in his motor status was noted after the singing, e.g. 'hum a tune', four items; nonvocal movements, hemispherectomy, it may be concluded that, though modest, e.g. 'bite your lip', 15 items; eye movements, e.g. 'close the residual motor function of his hemiplegic hand and your left eye', four items; sequences of movements, e.g. fingers is largely a reflection of motor reorganization brought 'stick out your tongue, lick your upper lip, and smack your about by the early prenatal onset of his left hemisphere lips', two items). The judges were somewhat discordant in pathology. their assessment, one rating Alex's performance as 59 out of Postoperatively, magnetic stimulation of Alex's remaining 108 and the other as 65 out of 108. It is clear, however, that hemisphere revealed the presence of abnormal ipsilateral Alex experiences far more difficulty executing instructed corticospinal projections to the muscles of his hemiplegic movements with his oral and facial musculature than with arm and hand. An earlier neurophysiological study (Carr the musculature of his left upper limb.
et al., 1993) of hemiplegic, but nonhemispherectomized, subjects provides evidence that such reorganization of motor pathways frequently follows congenital cortical damage. The findings in that study yielded evidence of abnormal ipsilateral
Discussion
projections from the undamaged motor cortex to the It has long been recognized that extensive injury to the left motoneurons of the hemiplegic arm and hand in 63% (20 cerebral hemisphere in an infant or a young child is compatible out of 32) of the subjects examined. These ipsilateral pathways with the development of speech and language provided that were always associated with some residual motor function the right hemisphere is relatively intact. Indeed, if a leftof the hemiplegic upper limb. In 18 of the 20 individuals sided lesion is sustained in utero, there is an even greater with ipsilateral projections, the hemiplegia resulted from opportunity for the escape not only of speech and language prenatal or perinatal damage. Cross-correlation analysis functions but also of distal movements of the right hand applied to the multiunit EMG recorded from Alex's paired (Dijkerman et al., 1993) . The vascular malformation in upper limb muscles indicated that the corresponding spinal Sturge-Weber disease, which is manifested by a port-wine motoneuron pools are innervated by different presynaptic stain over the face and an associated venous angioma of the inputs. Taken together with the results of magnetic leptomeninges, is related to a defect in the development of stimulation, this suggests that separate projections from the cerebral blood supply during the early stages of gestation the right hemisphere supply Alex's paired ipsilateral and (Menkes, 1980) . Thus, in Alex's case the origins of left contralateral muscles. hemisphere pathology can presumably be dated to the first Evidence of motor reorganization based on the results of trimester of in utero life, and, if predictions were to be based magnetic brain stimulation in hemispherectomized patients solely on the timing of the pathology, impressive preservation who had sustained congenital injuries was obtained previously of both limb movement and language functions would be by Benecke et al. (1991) and Cohen et al. (1991) . In the expected. In fact, however, his preoperative seizure disorder, remaining hemisphere of Cohen et al.'s (1991) patient, the antiseizure medication, or both, severely limited the degree cortical representations of the ipsilateral and contralateral to which his right hemisphere could subserve speech and upper limb muscles differed topographically, the ipsilateral language, such that only in the limb-movement domain ones being located more rostrally and laterally than the did he show any preservation of function during early contralateral. Benecke et al. (1991) did not search for such development. The later development of these functions, topographic differences in their patient, but they found that however, was dramatically different, his limb-movement ability remained relatively unchanged, but his speech and the degree of normality of the ipsilateral muscle action potentials did correlate roughly with the degree of residual hemispherectomy performed 4 months after the onset of the epilepsia partialis continua, the child's seizures were arrested, motor capacity in the individuals' paretic limbs.
The developmental origin of the pathways mediating the and she then showed a rapid resolution of the syndrome and its associated features. Not only did her speech return but ipsilateral response is still unclear. Animal studies have shown that novel functional ipsilateral corticospinal pathways her language ability improved to the point where she was producing complete phrases and began to read letters and may develop following early unilateral hemispherectomy (Hicks and D'Amato, 1970; Barth and Stanfield, 1990) , and simple words. The child reported by Fusco and Vigevano (1991) shares the findings by Cohen et al. (1991) suggest that the same may have occurred in their patient. It is also possible, at least three important features with Alex. First, like Alex, she showed no evidence of bilateral structural lesions or however, that pre-existing ipsilateral corticospinal pathways, projecting either directly or via the brainstem, are stabilized pathology in the frontal opercular regions, damage that is typical of the Foix-Chavany-Marie Syndrome (Graffor enhanced by early damage (Benecke et al., 1991) . Indeed, both types of change could coexist (see Carr et al., 1993) . Radford et al., 1986; Kuzniecky et al., 1989; Tatum et al., 1989) . Secondly, both children showed evidence of oromotor However they arose, the abnormal ipsilateral projections found in these two patients and in Alex presumably account apraxia, which in the case of Alex was present from an early age and still continues for certain movements of the oromotor for their preserved ipsilateral motor abilities, since such projections appear to be absent in patients who fail to show system, such as blowing, sucking through a straw, etc. (see Praxic functions) despite the current absence of any signs of such functional preservation (Homberg et al., 1991) . Yet the amount of sparing of Alex's motor ability with his paretic a motor aphasia. And third, both children were without speech during the period of presumed functional interference limb is severely limited compared with that seen in his speech, reflecting major differences in the degree to which with the opercular or perislyvian areas on the right, with both either regaining or acquiring this function only after the isolated right hemisphere can assume these two types of motor function. their left hemispheres were removed. An important difference between the two is that, prior to her seizure onset, Fusco and Vigevano's 3-year-old child had already acquired some speech, which was arrested for a period of only 4 months,
Speech and oromotor praxis
The modest degree of cerebral reorganization that Alex whereas Alex spoke for the first time only after the age of 9 years. showed before his surgery and maintained afterwards may not have been limited to the limb movement sphere, despite the Other instances of reversible interference with speech and language functions were described recently by Morrell absence of overt evidence of speech and language until after the complete withdrawal of anticonvulsant medication. in a series of children with Landau-Kleffner Syndrome (Landau and Kleffner, 1957) . This syndrome is rapid onset of his speech subsequent to withdrawal of anticonvulsants suggests that at least some degree of characterized by the appearance, during the period of language development, of severe, bilateral epileptiform activity over the cerebral reorganization for language processes had already occurred, but that its expression was prevented by funcposterior temporal regions, which leads almost invariably to auditory agnosia followed by aphasia, often to the point of tional interference, presumably with the perisylvian areas on the right, caused by the epileptogenic activity and/or the mutism. Morrell et al. (1995) discovered that the bilateral electrographic abnormality in many of their cases had a anticonvulsant treatment. This interpretation is consistent with the findings from the MRI scan, which gave no evidence unilateral origin; treatment of those children with a new surgical technique, namely multiple subpial transection that calcifications typical of Sturge-Weber disease had affected his right hemisphere, and from the PET scan, which (Morrell et al., 1989) throughout the area from which the abnormality originated, resulted in bilateral abolition of the had revealed normal right-sided metabolism.
Other instances of functional interference with the epileptiform activity followed by a gradual recovery of speech functions to normal or near-normal levels. Each of the development of speech and language in young children have recently been reported. For example, Fusco and Vigevano successfully treated children, unlike Fusco and Vigevano's case (1991), had remained aphasic for periods ranging from (1991) describe the case of a 3-year-old child with left hemimegalencephaly and delayed intellectual and language 1.5 to 4.5 years, although, like that case, they too had acquired some speech prior to their illness. Thus, among the function, who developed progressive epilepsia partialis continua on the left with a spread to the contralateral right cases with reversible aphasia of which we are aware, Alex stands alone in having acquired speech for the first time in frontal and central regions. As a result of the evolution of her seizures, this child developed bilateral frontal opercular late childhood. syndrome (Foix et al., 1926) , with its associated features of facio-pharyngo-glosso-masticatory diplegia resulting in severe oromotor apraxia and mutism. In this case, however,
Expressive language
The vast majority of normal children progress through distinct unlike all other such cases that have been reported, the opercular syndrome was reversible; following left stages of speech development (Brown, 1973; Bates et al., 1992) , in which they first produce words (~11-13 months), than that of the four other left hemispherectomized patients (see Table 5 ). then word combinations (~20-24 months) and, finally, grammatical phrases (~28 months). The same pattern is characteristic of children whose first language is sign language (Newport and Meier, 1985; Meier, 1991) as well as of
Receptive language
In the domain of receptive language in normal children, children who are language delayed (Gibson and Ingram, 1983) . In contrast to this protracted 1.5-year period with its studies have focused on comprehension of both single words (Huttenlocher, 1974; Goldin-Meadow et al., 1976 ; Snyder relatively well defined stages of speech acquisition, Alex progressed within a few months from articulating consonants et al., 1981) and syntax (de Villiers and de Villiers, 1973; Bates et al., 1992) . Without exception, and regardless of for the first time to uttering single, intelligible words and then to producing full-length sentences. This initial burst in method of testing, comprehension of single words precedes and outpaces production by a large temporal gap. This robust speech output has the appearance, at least, of a release from interference permitting very rapid learning. Between the ages finding holds not only for normal children but also for language-delayed subjects (Gibson and Ingram, 1983 ) and of 9:4 and 14:11, Alex's expressive language abilities, as reflected in his production of well formulated sentences even for apes trained to communicate with symbols or gestures (Savage-Rumbaugh et al., 1986) . conveying knowledge of both semantics and syntax, rose from an age equivalent of Ͻ2 years to one of Ͼ8 years.
Normal children begin to show evidence of single-word comprehension by~9 months of age, and between the ages Between the ages of 9:4 and 10:11, his mean length of utterance increased dramatically from 0 to 11.6 words, not of 1:1 and 2:0 they amass a receptive vocabulary of 50-70 words, whilst producing only 10-20 words (Snyder et al., only reflecting his increased ability to produce complex sentences but also presaging his ability to comprehend 1981; Goldin-Meadow et al., 1976) . This gap between comprehension and production often becomes magnified sentences containing virtually all grammatical forms (see below, Receptive language). It is noteworthy as well that his in language-delayed subjects. For example, the languagedelayed child reported by Gibson and Ingram (1983) had a scores on English morphology (Word Structure: Expressive Language Subtest of the CELF-R) and phonological imitation receptive vocabulary of 183 words, whereas his productive vocabulary was limited to eight words. In general, noun of multisyllabic real words rose to the normal range for his chronological age.
comprehension precedes verb comprehension, although young children understand many verbs they do not produce Yet not all domains of Alex's expressive language abilities showed the same impressive gains. His performance on (Savage-Rumbaugh et al., 1993) .
Research on sentence comprehension is less systematic expressive language tasks involving manipulation of nonwords (see sections on Morphology, Phonological than that on word comprehension, but it has been shown that English-speaking children between the ages of 2 and 3 years imitation, and Phonological awareness ) remained severely restricted at a 5:0-5:6 age level (i.e. usually ജ3 years below respond appropriately to sentences in the active voice and are sensitive to word-order cues (de Villiers and de Villiers, his performance on tests involving real words). Furthermore, on at least one nonword test (Phonological imitation), his 1973; Bates et al., 1984) . The passive construction is more difficult to master and develops gradually between the ages performance showed virtually no improvement during a period of Ͼ3 years. Alex's restricted performance on tasks of 4 and 7 years (de Villiers and de Villiers, 1973; Roberts, 1983) . De Villiers and de Villiers (1973) reported that normal requiring nonword manipulation suggests a deficiency in verbal representations at the level of syllables and, even children with a mean length of utterance of 1-1.5 words could not use word-order cues in sentence comprehension. more, of phonemes. This deficiency in analysing words according to their phonetic features coupled with his limited Only when the mean length of utterance increased to 1.6-3 words could children comprehend word-order distinctions in memory span for syllables, akin to his limited memory span for digits and blocks, could account for his difficulty on the active voice, and only with a mean length of utterance of ജ3 words could they comprehend reversible passives. nonword tests. This type of difficulty, as well as the tendency to make semantic and perceptual errors in naming (see section These and similar findings by Chapman and Miller (1975) have led to the conclusion that, unlike the case with single on Naming), appears to be pathonomonic of right-hemisphere speech (Zaidel, 1980; Gazzaniga, 1983; Patterson et al., words, grammatical production (specifically word-order constraints) precedes sentence comprehension. 1989; Patterson and Vargha-Khadem, 1991; . Measures of expressive language ability Because of the relationship between the mean length of utterance and sentence comprehension, it is difficult to infer involving meaningful words are not sensitive to this underlying deficit and can result, as they do in the case of what level of receptive language ability Alex had acquired prior to the onset of his speech. Although both his receptive Alex, in a seemingly normal, albeit delayed, ability to generate the different aspects of speech. In fact, it is noteworthy vocabulary and verbal comprehension at age 9:4 were at the 3-to 4-year-old level (see Vocabulary and comprehension of that despite the history of mutism until the age of 9:4 (years:months), Alex's expressive language score on the complex sentences), his mutism may well have left him insensitive to word-order constraints, and indeed his CELF-R, which fell in the low normal range, was higher comprehension seems to have been limited to short sentences 7), his latest memory quotient of 73 falling in the low normal uttered in the active voice. Now, however, his receptive and range and so surpassing his verbal IQ and full scale IQ by expressive vocabulary (as measured by the BPVS and the 15-20 points. Although this lead of memory quotient over Vocabulary subtest of the WISC-III, respectively) have both IQ is not atypical of left hemispherectomized patients (see risen to the same range (8:1 versus 7:6 years, respectively) Table 6 ), Alex's lead was the greatest among the cases that and show the typical lead of word comprehension over word were studied, largely because his memory quotient was the production. This, coupled with the dramatic explosion earlier highest. Furthermore, on some measures within the domain in his mean length of utterance, have provided him with the of learning and memory, e.g. learning and delayed recall of sentence comprehension of an 8-to 9-year-old, consistent Paired Associates (see Table 7 ) and level of learning on the with the evidence that the isolated right hemisphere can Children's Auditory Verbal-Learning Test-2 (see Learning mediate receptive language (encompassing semantics, syntax and memory), Alex obtained scores that were within the and prosody) at a fairly high level (Zaidel, 1980) . normal range for his chronological age. The isolated right Among the different aspects of receptive language, only hemisphere thus clearly has the capacity to subserve, along the processing of complex grammatical forms stands out with expressive and receptive language abilities, verbal as particularly problematic for Alex. Evaluated with three learning and memory functions that are typically mediated different tests (The Token Test of Auditory Language by the left temporal lobe (Milner, 1975 ; Incisa della Rocchetta Comprehension: Section V, and the CELF-R receptive et al., 1995; Gadian et al., 1996) . language subtests of Linguistic Concepts and Oral
The same cannot be said of immediate memory or of Directions), Alex's performance on this aspect was severely immediate and delayed reproduction of geometric designs. deficient. Each of these tests requires carrying out sequences Despite his relatively high memory quotient, Alex's memory of actions to constantly changing instructions pertaining to a span for both digits and spatial locations is quite limited, small set of visual stimuli differing in shape, colour, size, as is his immediate memory for word lists (see Learning length, etc. Although these tests assess comprehension of the and memory). The evidence suggests that his isolated right more complex aspects of syntax (Lesser, 1976; Noll and hemisphere cannot effectively mediate the process of Lass, 1979; Lezak, 1983) , it is also likely that performance working memory. Similarly, Alex's immediate and delayed is limited by immediate memory, which normally counteracts reproduction of geometrical designs is restricted, and although the interference among conflicting instructions across trials.
there has been a gradual improvement over the years in Since Alex's performance was age-appropriate on the immediate reproduction, delayed recall is still very much Sentence Structure subtest of the CELF-R, which also impaired and shows no significant gains. This nonverbal involves increasing demands on syntactical processing, his memory deficit, like the relatively small increase in his impairment in carrying out the competing instructions could (nonverbal) performance IQ (see Tables 1 and 3 ), is be due as much to his limited memory span as to any difficulty presumably a reflection of the mechanism of 'crowding' he might have in understanding complex grammatical forms. (Teuber, 1975 ; see Intelligence section). This issue requires further investigation, not only in Alex but also in other patients whose speech and language are mediated by the right hemisphere.
Intelligence
Comparison of Alex's overall receptive and expressive
The seizure disorder and/or its treatment with medication language profiles indicates that the former has lagged behind appear to have suppressed the early development not only the latter, although the difference is now considerably reduced of Alex's speech and language but also of his intellectual (see Table 2 ). Despite this lag, the comparison with other functions generally. Despite somewhat divergent starting left hemispherectomized patients of comparable intelligence points at~6 months after operation, both his language ability indicates that Alex achieved the highest level of overall and his mental age rose in parallel, although from the age of receptive language (see Table 5 ), just as he did in expressive 12:9 onwards his mental age has lagged behind both his language. His long history of mutism thus seems to have receptive and expressive language functions by~1.5 years had no deleterious effect on final language outcome. This (see Fig. 7 , and Tables 4 and 5 ). The pattern is reminiscent conclusion is consistent with the finding by Morrell et al. of patients with Williams syndrome (Williams et al., 1961 (Williams et al., ), (1995 that children with the acquired syndrome of Landauwho typically show preserved language abilities, particularly Kleffner, whose speech and language functions are restored for complex grammar, in the presence of marked intellectual following surgical treatment, achieve approximately normal retardation and deficits in visuospatial functions (Bellugi levels of language function despite having lost auditory et al., 1992) . Interestingly, children with Williams syndrome verbal communication skills for several years during early embellish their speech with stereotyped, attention-getting childhood (see Speech and oromotor praxis).
phrases and questions (Bellugi et al., 1994) much like those contained in Alex's speech, as illustrated in Appendix 2. Such discrepancies between language ability and IQ raise
Learning and memory
the question of how phonology and grammar can be mediated As with language, Alex's long-term memory showed steady improvement between the ages of 11:0 and 14:11 (see Table  effectively when cognitive ability is so restricted. Any proposal at this point is necessarily speculative, but one language functions are assumed by the right hemisphere due to early damage to the left, the cost of this reorganization is suggestion comes from the burgeoning evidence in both animals and humans that many forms of noncognitive skill borne by nonverbal functions, and not the reverse, presumably because of the higher priority of auro-vocal communication learning depend on interactions between the cerebral cortex and the extrapyramidal system, consisting mainly of the basal skills in the everyday life of the developing child (VarghaKhadem et al., 1992) . ganglia and cerebellum (Petri and Mishkin, 1994) . Perhaps real-word phonology and certain aspects of grammar are
Another area of cognitive function in which Alex has shown no improvement is literacy and numeracy skills. likewise noncognitive skills supported by this same behavioural learning system (e.g. Lieberman, 1992) and so Although he has received systematic instruction in reading, writing and arithmetic since the age of 13 years, his can be acquired and maintained somewhat independently of the cerebral systems that serve cognition. Applied to Alex, performance in these areas has remained at the basal level (Ͻ6 years). As indicated earlier, a reliable predictor of the proposal could help explain his dramatic progress in speech and language despite the limitiations imposed by a literacy acquisition in both normal and hemiplegic children is performance on tests of phonological awareness (Bryant low IQ.
Alex's intellectual development after the onset of speech and Goswami, 1987; Muter, 1994) . Because Alex's age equivalent on such tests is still 5-6 years, he will probably and language has nonetheless been substantial (see Table 3 ). Furthermore, as in the case of his linguistic and verbal continue to have difficulty in learning to read and write by phonetic decoding. However, a programme based on wholememory abilities, his subsequent intellectual development relative to that of other left-hemispherectomized children word recognition might well enable him to acquire a sight vocabulary and eventually amass a reading and writing does not seem to have been adversely affected by his prolonged period of mutism (see Table 5 ).
lexicon equal to that of a 7-to 8-year-old.
There is a dearth of information on developmental Studies of intellectual outcome after hemispherectomy in patients who had sustained congenital or perinatal injury dyscalculia, particularly regarding the association of this disorder with deficits in other academic attainments. It is indicate that as many as 40-70% of the cases show an increase in IQ of ജ10 points (Verity et al., 1982; Lindsay often the case, however, that children with low intellectual abilities who have severe problems with the acquisition of et Beardsworth and Adams, 1988; Vargha-Khadem and Polkey, 1992) . A smaller proportion, namely 10-25%, reading and writing also have pronounced deficiencies in forming number concepts. Given Alex's profile to date, it are reported to show a 10-point or greater decline. In general, the latter patients are more likely to have suffered from an seems unlikely that he will be able to make substantial gains in this area. early seizure disorder. Alex of course also suffered from early onset of intractable seizures, yet his increase in full It is noteworthy that Alex's full scale IQ accurately predicts his academic attainments but not his linguistic or verbal scale IQ of 12 points clearly places him in the former group. Because the development of intellectual ability does not memory abilities. The latter abilities are more consistent with his social than with his intellectual skills. Such a pattern is plateau until~17-18 years of age (Wechsler, 1992) , it is likely that Alex will continue to make at least modest gains compatible with the notion that language development derives its impetus from the child's need for communication and in IQ during the next 2-3 years. Already, however, the gains he has made are striking, considering that, as late as age 9 social interaction (Locke, 1993) , a need that Alex's linguistic achievements have amply fulfilled. years, he still had a mental age of~3 years.
Alex's increase in mental age is not equal across all aspects of intellectual function. On every type of mental assessmentthe Griffiths Mental Developmental Scales, the Wechsler
Implications for the critical period hypothesis
Intelligence Scale and the Wechsler Memory Scale-there was a clear discrepancy between his scores on the subtests and right hemisphere speech Alex's case is special in two respects. First, despite his very of verbal and nonverbal skills. In each case, his verbal performance approximated that of a normal 7-to 8.5-yearlate start, his linguistic skills have developed thus far to the level of an 8-to 10-year-old, his progress being more or less old,~1.5 years below the levels he has attained in receptive and expressive language. By comparison, his nonverbal equivalent across all aspects of both expressive and receptive language, including semantics, prosody, grammar and abilities have remained even more limited. The one exception is his visuo-perceptual ability (as assessed by the Motor Free phonology. This outcome is markedly different from that in the two language-deprived individuals, Genie (Curtiss, 1977) Visual Perception Test and the Picture Completion subtest of the WISC-III), where he obtained scores with age equivalents and Chelsea (Curtiss, 1989) , who first began to speak at the ages of 13.5 and 32 years, respectively. Although both of of 7:5 and 8:9. On all other nonverbal measures, his performance has risen only to the level of a 5-to 6-yearthese young women eventually acquired sizeable vocabularies and some knowledge of word-order, their phonology and old. This discrepancy in the development of verbal versus nonverbal abilities is consistent with the 'crowding' syntax have remained highly abnormal, resulting in speech that is poorly enunciated and grammatically bizarre. In hypothesis (Teuber, 1975) , which proposes that when contrast, Alex speaks not only clearly and fluently but also a low IQ and poor working memory. Hinging on the answer is whether the right cerebral hemisphere has exactly the same in grammatically correct sentences. Previously, on the basis of evidence gained from studies of congenitally deaf individuals potential as the left for the development of speech and language functions per se. (Johnson and Newport, 1989) , hemispherectomy patients (Patterson et al., 1989) , second-language learners (Johnson and Newport, 1989) , and language-deprived children, including Isabelle (Skuse, 1988) , a case could be made that Acknowledgements competence in a language can develop fully only if learning
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